studies in which lipid-lowering treatment slowed the proBackground. Renal disease is commonly associated with hy-
apoprotein(a) [apo(a)]. Apo(a) is highly homologous to mesangial cells and induction of c-myc and c-fos expression has
plasminogen with a large size variation from 420 to 840 been demonstrated. Therefore, in this study, we investigated a kDa. The plasma levels of Lp(a) in healthy individuals possible growth stimulatory effect and mode of action of Lp(a) mainly depend on the genetically determined apo(a) phein human mesangial cells.
Methods. Lp(a) was purified from the regenerate fluid of a notype [5] . The distribution of the apo(a) isoforms in is phenotype specific. Levels of Lp(a) were significantly
The intracellular calcium concentration ([Ca 2ϩ ] i ) was determined by Fura 2-fluorescence, and inositol 1,4,5-trisphosphate elevated only in patients with the high molecular weight (1, 4, ) concentration was measured by a radioreceptor assay.
isoform [6] . A decreased renal Lp(a) metabolism [7] , found to be colocalized in glomeruli from patients with
Conclusion. This study revealed that Lp(a) stimulates growth chronic renal disease [13] . Therefore, it has been proof human mesangial cells. Lp(a)-induced signaling involves binding to a receptor and stimulation of PLC via G i proteins. Stimuposed that elevated plasma levels of Lp(a) may contriblation of PLC appears to be essential for the growth stimulatory ute toward the progression of renal disease. However, effect of Lp(a). Whether these effects of Lp(a) contribute to direct evidence for a role of Lp(a) in the progression of the pathophysiology of renal disease needs to be determined. renal disease has not yet been provided [14] . In vitro experiments showed an interaction of Lp(a) with mesangial cells such as binding and uptake of Lp(a) by human Biochemical and histological features of glomerulomesangial cells [15] . Lp(a) has been shown to stimulate sclerosis are similar to those found in systemic vascular proliferation and expression of c-myc and c-fos in rat mesangial cells [16] . 3 , column length 100 cm). Lp(a) subMesangial cells were plated on 96-well plates (3000 fractions were free of LDL as determined by 2 to 5% cells per well) and grown to subconfluency. Prior to the native gradient gel electrophoresis and did not contain experiments, cells were incubated for 48 hours in cell other proteins, as determined by sodium dodecyl sulfate culture medium with or without 0.5% FCS. Incubation polyacrylamide gel electrophoresis (SDS-PAGE) on 4 was continued for another 24 hours with variable concento 15% gradient gels. Apo(a) phenotypes were detertrations of Lp(a) and 1 Ci [ 3 H]thymidine/ml. Subsemined by SDS-PAGE using homogenous gels (T ϭ 5%) quently, the cells were trypsinated, washed, and harand commercial apo(a) phenotyping standard (Immuno vested onto filter paper. Radioactivity on the filters was Diagnostika, Vienna, Germany) as the reference. The determined by liquid scintillation counting. nomenclature of Utermann et al was used [5] . Lp(a)
Measurement of cell proliferation used in all experiments was isolated from a single donor with a S2/S4 isoform. Prior to use, Lp(a) was extensively Proliferation of mesangial cells was measured by determination of the number of viable cells. A colorimetric dialyzed against phosphate-buffered saline. assay (Promega, Madison, WI, USA) was used in which sisted of (in mm) the following: 250 sucrose, 0.1 MgSO 4 , 0.2 phenylmethylsulfonyl fluoride, 50 HEPES, pH 7.0, 5 a tetrazolium salt is bioreduced by viable cells to aqueous soluble formazan. The quantity of formazan product as g/ml leupeptin, 5 g/ml aprotinin, and 0.01% (wt/vol) soybean trypsin inhibitor. The homogenate was cenmeasured by the absorbance at 490 nm was directly proportional to the number of living cells. The protocol was trifuged at 150 ϫ g for 10 minutes at 4ЊC followed by 27,000 ϫ g for 25 minutes at 4ЊC. [22] . At the difluoride (PVDF) membranes for autoradiography. end of each experiment, the maximum fluorescence was Miscellaneous detected after the addition of the calcium ionophore ionomycin (15 m) followed by recording minimal fluoProtein was measured according to the method of Bradford using BSA as a standard [24] . All experiments rescence with egtazic acid (EGTA; 7.5 mm). To investigate the contribution of extracellular Ca 2ϩ , additional were repeated at least three times. The data presented are means Ϯ sd. Statistical significance was calculated experiments were performed in nominally calcium-free solution with a low concentration of EGTA (10 m) to using Student's t-test for paired values. chelate contaminating calcium.
RESULTS

Measurement of inositol 1,4,5-trisphosphate production
Binding of lipoprotein(a) to human mesangial cells [ 125 I]Lp(a) binding to human mesangial cells showed Cells were subcultivated on 6 cm dishes and were grown to subconfluence. The medium was changed 12 hours the typical characteristics of a saturable receptor-mediated uptake (Fig. 1) . With nonlinear regression, analysis prior to the experiments to serum-free medium. 1,4,5-IP 3 was measured by displacement of bound 1,4,5-[ 3 H]IP 3 revealed a K d of 17.0 Ϯ 5.9 g/ml and a maximum binding capacity of 1014.6 Ϯ 139.0 ng/mg protein. Thus, the affinusing a radioreceptor assay. Cells were incubated for specified times and were mixed with an equal amount ity and capacity of Lp(a) binding to the mesangial cells were similar to previously published data for Lp(a) and of ice-cold trichloroacetic acid (20%). Following centrifugation at 5000 ϫ g and 4ЊC, supernatants were extracted LDL in human mesangial cells [15] . with 1,1,2-trichloro-1,2,2-triflouroethane/trioctylamine (3:1
Effect of lipoprotein(a) on DNA synthesis and vol/vol). The 1,4,5-IP 3 content of the samples was detercell proliferation mined according to the assay protocol provided by the manufacturer.
DNA synthesis was measured by [ 3 H]thymidine uptake during 24-hour incubation with and without 0.5% Isolation of mesangial cell membranes FCS. As illustrated in Figure 2A , Lp(a) caused an increase in DNA synthesis under serum-free conditions. Mesangial cell membranes were isolated as previously described for pancreas acini with minor modifications [23] .
Lp(a)-induced DNA synthesis was significant at an Lp(a) concentration of 5 g/ml. In the presence of 0.5% FCS, In brief, mesangial cells were homogenized by 20 strokes using a glass Teflon potter. Homogenization medium conLp(a) did not influence DNA synthesis, indicating that
Effect of lipoprotein(a) on inositol 1,4,5-trisphosphate production
Lipoprotein(a) at 50 g/ml triggered a rapid increase in the 1,4,5-IP 3 concentration. A maximum increase in 1,4,5-IP 3 of 0.66 pmol/mg protein (basal value of 0.29 Ϯ 0.09 pmol/mg protein) was observed five seconds after addition of Lp(a), followed by a decline on continuation of the incubation (Fig. 4) . Thus, it appears that Lp(a) increased [Ca 2ϩ ] i via increase in 1,4,5-IP 3 production. ] i response remained unchanged. FCS, Lp(a) had no effect.
Effect of pertussis toxin on intracellular calcium
Thus, it appears that the Lp(a)-induced, but not the In the presence of the PLC inhibitor U73122 (1 m), vasopressin-induced, activation of phosphoinositide-speLp(a) did not stimulate DNA synthesis and cell proliferacific PLC involves activation of pertussis toxin-sensitive tion (Fig. 2) . ] i , whereas a high concentraever, a role of Lp(a) in the pathogenesis of renal disease tion of Lp(a) (50 g/ml) elicited a stronger and more has not been proven [14] . The underlying mechanisms rapid transient calcium increase (Fig. 3B) . In the presthat result in elevated Lp(a) plasma levels are heterogeence of 1 mm extracellular Ca ] i was reduced to 242.9 Ϯ 62.1 nm weight isoforms of apo(a) [6] . In patients with nephrotic ( Fig. 3 C, D) , suggesting that the Lp(a)-induced calcium syndrome or CAPD, protein loss in the urine or peritotransients are mainly due to calcium release from intraneum may induce hepatic synthesis of Lp(a) [8] [9] [10] [11] [12] . In cellular pools. When the extracellular [Ca 2ϩ ] was reduced HD patients, the underlying mechanism of Lp(a) elevation to less than 100 nm by the addition of 10 mm EGTA, is less evident. In these patients, the phenotype-specific the Lp(a)-induced peak [Ca 2ϩ ] i was reduced to 135 Ϯ elevated Lp(a) levels are decreased by kidney transplanta-15.1 nm (data not shown). Thus, high concentrations of tion [27] , which might be attributable to a decreased EGTA abolished the calcium transient, presumably by chelation of intracellular calcium.
metabolism of Lp(a) in renal failure [7] . Other mecha- (a)-induced inositol  1,4,5-triphosphate (1,4,5-IP 3 ) production. Mesangial cells were incubated with (᭺) or without (᭜) pertussis toxin (0.2 g/ml) for 12 hours and were stimulated with Lp(a) (50 g/ml) at 37ЊC for the indicated time. The amount of 1,4,5-IP 3 was determined as described in Methods section. Data are expressed as the means of three independent experi- coverslips and were preincubated with pertussis toxin (0.2 g/ml) for 12 hours. Cells were loaded with Fura 2-AM for 30 minutes at 37ЊC and were washed twice with Krebs-Henseleit-Hepes buffer immediately before the experiment. Lp(a) (50 g/ml) and vasopressin (100 nm) were added to the cells. Fura 2 fluorescence of individual cells was monitored nisms contributing to increased plasma levels of Lp (a) at room temperature. The experiment shown is representative for four independent observations. could be malnutrition and/or chronic inflammation [28] . Attempts to elucidate through which pathophysiological mechanism lipoproteins may contribute to renal function loss have been made in cell culture studies. Binding trations. Other lipoproteins such as very low density studies have been performed to investigate the interaclipoprotein (VLDL), high-density lipoprotein (HDL), tion of lipoproteins with different cell types [29] [30] [31] . Aland lysolecithin may also exhibit growth regulatory functhough specific binding sites could be demonstrated, it tion in mesangial cells [35, 36] . Furthermore, LDL was is not clear whether Lp(a) binds to the LDL receptor or found to increase [ 3 H]thymidine incorporation in smooth to a yet uncharacterized receptor. Because of the similarity muscle cells and to potentiate platelet-derived growth of LDL and Lp(a), it has been speculated that Lp(a) factor AA-induced proliferation [37] . In vitro proliferamay also bind to the LDL receptor. Studies carried out tion of mesangial cells is inhibited by hydroxymethyl in fibroblasts, HepG2 cells, and macrophages support glutaryl CoA-reductase inhibitors [38] . These "hormonethe concept that Lp(a) and LDL bind to the same receptor like" effects suggest that phospholipoproteins activate [32, 33] . However, patients expressing little or no LDL specific intracellular signaling pathways. Several studies receptor activity showed a normal catabolism of Lp(a), have shown that LDL and HDL induce activation of suggesting different binding sites for Lp(a) and LDL PLC and increase [Ca 2ϩ ] i [39, 40] . We show here for the [34] . Similar to an earlier study, binding of Lp(a) to first time that this pathway is also activated by Lp(a) in human and rat mesangial cells showed typical features of human mesangial cells, as exposure of cells to Lp(a) a receptor-mediated process, that is, Michaelis-Menten resulted in a rapid formation of 1,4,5-IP 3 and an increase kinetics and saturability [15, 16] . The differences in the of [Ca 2ϩ ] i . In experiments using solutions without added calculated K d and V max values might be due to differences calcium and a low concentration of EGTA, Lp(a)-induced in cell passages and/or differences of the Lp(a) isoforms.
calcium peak was moderately reduced. This indicates The latter may be of particular interest because epidemithat the Lp(a)-induced Ca 2ϩ transients are mainly deological studies in patients with atherosclerosis indicate rived from intracellular pools. Furthermore, because the variable atherogeneity of the different Lp(a) isoforms.
PLC inhibitor U73122 abolished Lp(a)-induced cell proThe effect of Lp(a) on cell proliferation depended on liferation, activation of PLC appears to be crucial for the the incubation protocol. If the incubation was carried growth stimulatory effect of Lp(a). In addition, our results out in the presence of 0.5% FCS, Lp(a) had no effect indicate the involvement of pertussis toxin-sensitive G on cell proliferation. However, when the experiments proteins (G i/o ) in Lp(a)-induced increase in 1,4,5-IP 3 and were performed in the absence of FCS, Lp(a) induced [Ca 2ϩ ] i , because the formation of 1,4,5-IP 3 and subsea significant increase in cell proliferation and DNA synquent increase of [Ca 2ϩ ] i could be suppressed by pretreatthesis. The effects of Lp(a) on DNA synthesis and prolifment of the cells with pertussis toxin. Evidence suggests eration in our experiments were different from that of that pertussis toxin-sensitive activation of PLC is medi-LDL [29] , which showed a biphasic dose-response curve ated by receptor activation of G i/o proteins, dissociation of G protein ␣ subunit from G␤␥, and G␤␥-mediated with proliferation at low and inhibition at high concen- In conclusion, our study showed that Lp(a) induces
